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Abstract
The ability of frog virus 3 (FV3), the type species of the family Iridoviridae, to induce apoptosis was examined by monitoring DNA
cleavage, chromatin condensation, and cell-surface expression of phosphotidylserine (PS) in fathead minnow (FHM) and baby hamster
kidney (BHK) cells. In productively infected FHM cells, DNA fragmentation was first noted at 6-7 h postinfection and was clearly seen by
17 h postinfection, while chromatin condensation was detected at 8.5 h postinfection. As with some other viruses, FV3-induced apoptosis
did not require de novo viral gene expression as both heat-inactivated and UV-inactivated virus readily triggered DNA fragmentation in
FHM cells. Moreover, FV3-induced apoptosis was blocked in FHM cells by the pan-caspase inhibitor Z-VAD-FMK, suggesting that virus
infection triggers programmed cell death through activation of the caspase cascade. FV3 infection also triggered apoptosis in BHK cells as
monitored by TUNEL and annexin V binding assays. To determine whether FV3, similar to other large DNA viruses, encoded proteins that
block or delay apoptosis, mock- and FV3-infected FHM cells were osmotically shocked and assayed for DNA fragmentation 3 hours later.
DNA fragmentation was clearly seen whether or not shocked cells were previously infected with FV3, indicating that infection with FV3
did not block apoptosis induced by osmotic shock in FHM cells. The above results demonstrate that iridoviruses triggered apoptosis and
that the induction of programmed cell death did not require viral gene expression. However, it remains to be determined if virion attachment
to target cells is sufficient to induce cell death, or if apoptosis is triggered directly or indirectly by one or more virion-associated proteins.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction
There is a growing realization that apoptosis, rather than
necrosis, is the typical outcome following infection by most
“acute” viruses (Takizawa et al., 1993; Razi and Welch,
1995 Chejanovsky and Gershburg, 1995; Esolen et al.,
1995; Hong et al., 1998; Pugachev and Frey, 1998; An et al.,
1999; Atkins et al., 1999; Kang et al., 1999; Goldstaub et
al., 2000; Lopez-Guerrero et al., 2000). However, because
apoptosis may be a defense mechanism by which virus
replication within an animal is limited due to the premature
death of individual virus-infected cells, it is not surprising
that diverse virus families have devised strategies to pre-
vent, or at least delay, apoptosis and thus permit a full virus
replication cycle to take place (Teodoro and Branton, 1997;
O’Brien, 1998; Aubert and Blaho, 1999; Dai et al., 1999;
Galvan et al., 1999; Wang et al., 1999; Roulston et al.,
1999). Blocking or delaying apoptosis may facilitate virus
replication in two ways. At the cellular level, virus replica-
tion in individual cells should be enhanced and higher virus
titers may be achieved. At the organismal level, inhibition
of apoptosis may delay relevant antiviral immune responses
and thus permit systemic virus spread and increase the
chances of successful transmission (Macen et al., 1996;
Mossman et al., 1996; Nash et al., 1999).
FV3 (family Iridoviridae, genus Ranavirus) is a highly
cytolytic virus in vitro (reviewed in Willis et al., 1985;
Williams, 1996; Chinchar, 2002). FV3 infection of cultured
cells is accompanied by a dramatic inhibition of cellular
macromolecular synthesis and marked cytopathic effect.
Exposure of susceptible cells to either infectious FV3 (wt
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FV3), or to virus inactivated by heat (FV3) or UV-irradi-
ation (UV-FV3), results in a rapid decline in cellular RNA
and protein synthesis, followed by a secondary inhibition of
host cell DNA synthesis. The rapid inhibition of host cell
protein synthesis and the selective translation of viral mes-
sages is likely a reflection of FV3’s ability to destabilize
host messages, phosphorylate the  subunit of eukaryotic
initiation factor 2 (eIF-2), and encode translationally effi-
cient messages, i.e., transcripts that outcompete host mes-
sages for the residual translational capacity of the cell
(Chinchar and Dholakia, 1989; Chinchar and Yu, 1990,
1992). Although these events may be involved in virus-
mediated cell death, it is not known if FV3-mediated death
is a necrotic event, triggered by the inhibition of essential
cell functions, or an apoptotic event, involving activation of
the cellular “death machinery.”
Preliminary studies (Zhang et al., 2001; Essbauer and
Ahne, 2002) suggest that productive infection by ranavi-
ruses leads to apoptosis in vitro. Consistent with these
observations, recent studies in several teleost species indi-
cate that lower vertebrates possess many of the key genes
involved in apoptosis including Fas, FasL, TNF, TNFR,
FADD, and caspases 6 and 8 (Secombes et al., 2001; Laing
et al., 2001; Long et al., 2002). In light of the above, we
have examined in greater detail the cellular outcome of FV3
infection to determine whether cell death is due to apoptotic
or necrotic events. By monitoring DNA fragmentation and
chromatin condensation, we showed that FV3 induced
apoptosis in infected fathead minnow (FHM) cells. More-
over, apoptosis occurred following productive infection or
following infection with FV3 and UV-FV3, suggesting
that apoptosis may be a reflection of FV3’s ability to block
cellular translation and/or activate PKR, the double-
stranded RNA-induced kinase which phosphorylates eIF-
2. Finally, despite evidence for antiapoptotic proteins in
some iridovirus species, we found no evidence that FV3
infection blocked apoptosis in osmotically shocked FHM
cells.
Results
FV3 induces apoptosis in FHM: DNA ladder assay
To determine whether wt FV3 induced apoptosis, FHM
cells were infected with FV3 at a multiplicity of infection of
2 PFU/cell and infected cells were monitored for apopto-
sis between 3 and 17 h p.i. by examining DNA ladder
formation, i.e., the fragmentation of cellular DNA into
180 nucleotide multiples. As shown in Fig. 1, mock-
infected cells showed no evidence of DNA degradation. In
contrast, a DNA ladder was faintly detected at 7-9 h p.i. and
was clearly present by 17 h p.i. Other experiments, con-
ducted at m.o.i.s ranging from 1 to 10 PFU/cell, confirmed
that apoptosis, as detected by DNA laddering, began at 7
h p.i. (data not shown). In FV3-infected cells, early viral
protein synthesis begins within the first 2 h, whereas late
viral gene products and viral DNA synthesis are evident by
6 h postinfection (Chinchar, 2002). Thus, in productively
infected cells, FV3-induced apoptosis occurred concomitant
with or following the onset of late viral gene expression.
FV3 induces apoptosis in FHM cells: Chromatin
condensation
To confirm the above results, we examined FV3-infected
FHM cells for another characteristic phenotype associated
with apoptosis, chromatin condensation. To accomplish
this, FV3-infected FHM cells were fixed at 8.5 h p.i. and
stained with Hoechst 33258. As shown in Fig. 2, mock-
infected cells (Fig. 2A) possessed uniformly staining nuclei,
with a single prominent nucleolus. In addition, metaphase
plates were seen in a few mock-infected cells indicative of
ongoing cell division. In contrast, metaphase structures
were not seen in virus-infected cells and cells within in-
fected cultures showed condensed chromatin or multiple
apoptotic bodies (Fig. 2B). Despite viral inputs as high as 40
PFU/cell, the number of cells showing evidence of apopto-
sis (i.e., apoptotic bodies) was generally low (10%). Be-
cause infected cultures show marked CPE and significant
cell loss, we suspect that FV3-infected (and presumably
apoptotic) cells were preferentially lost during specimen
preparation and that this led to an underestimate of the
number of apoptotic cells in a culture. However, despite this
uncertainty, these results indicate that infected FHM cells
underwent apoptosis, as judged by the appearance of DNA
fragmentation and chromatin condensation.
Fig. 1. Induction of apoptosis following FV3 infection of FHM cells. FHM
cells were either mock-infected or infected with wt FV3 at an m.o.i.  2
PFU/cell and apoptosis monitored by the ladder assay as described under
Materials and Methods. At the indicated times postinfection, total DNA
was prepared from each culture, analyzed by electrophoresis on ethidium
bromide containing 1.4% agarose gels, and cellular DNA visualized by
fluorescence. HindIII-digested lambda DNA serves as a size marker.
304 V.G. Chinchar et al. / Virology 306 (2003) 303–312
Induction of apoptosis does not require productive virus
replication
In addition to events in productive infections, we also
monitored events in infections initiated by virions inacti-
vated by heat (FV3) or UV irradiation (UV-FV3), or under
conditions where late gene expression was blocked by PAA,
an inhibitor of viral DNA synthesis. FV3 contains an
intact viral genome, but key proteins have been damaged as
a result of thermal denaturation, whereas UV-FV3 possesses
functional proteins, but a damaged genome. Both FV3 and
UV-FV3 block host cell RNA, protein, and DNA synthesis
but are unable to replicate or to express viral gene products
(Goorha and Granoff, 1974; Willis et al., 1985; Chinchar
and Caughman, 1986; Chinchar and Dholakia, 1989). Fur-
thermore, to determine whether inhibition of cellular protein
synthesis was, by itself, sufficient to induce apoptosis, FHM
cells were also treated with 50 g/ml cycloheximide
(CHX), a treatment that completely blocks protein synthesis
in FHM cells. As shown in Fig. 3, evidence of DNA lad-
dering was detected at 7 h postinfection in cells infected by
wt FV3, FV3 in the presence of PAA, FV3, and UV-FV3.
In addition, CHX treatment induced a marked level of DNA
fragmentation 7 h after exposure to the drug, while un-
treated (mock) cultures failed to show evidence of DNA
degradation.
To confirm the results of the DNA ladder studies, FHM
cells infected with wt, UV-FV3, and FV3 were analyzed
for DNA fragmentation by an alternative method, i.e.,
TUNEL assay. Consistent with the ladder results, TUNEL-
positive cells were observed following infection with live or
inactivated virus and following treatment of mock-infected
cells with CHX (Fig. 4). As with experiment depicted in
Fig. 2, attempts to precisely determine the percentage of
apoptotic cells in FV3-infected cultures were unsuccessful
owing to the preferential loss of infected cells from the
slide. To determine whether the induction of apoptosis in
cells infected with FV3 or UV-FV3 was due to the incom-
plete inactivation of virus, viral protein synthesis was ex-
amined between 6 and 8 h p.i. Fig. 5 shows that a full
Fig. 2. Induction of apoptosis by FV3: Hoechst staining. FHM cells were mock-infected or infected with FV3 at an m.o.i. of 10 PFU/cell. At 8.5 h p.i., the
cultures were fixed in 2% paraformaldehyde and stained the following day in PBS containing 0.5 g/ml Hoechst 33258. Cells were viewed using UV
fluorescence. (A) Mock-infected FHM cells; (B) FV3-infected FHM cells. Magnification1000. The arrow in (A) indicates a mitotic figure; the arrowhead
in (B) indicates a cluster of apoptotic bodies.
Fig. 3. Induction of apoptosis following infection with wild-type and
inactivated FV3. FHM cells were either mock-infected or infected with wt
FV3, FV3, or UV-FV3 at a nominal m.o.i.  10 PFU/cell. In addition, a
replicate culture of mock-infected cells was treated continuously with 50
g/ml cycloheximide (CHX), and a replicate culture of wt FV3-infected
cells was treated continuously with 200 g/ml PAA. At 7 h postinfection,
DNA was prepared and analyzed as described in the legend to Fig. 1.
HindIII-digested lambda DNA serves as a size marker.
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complement of early and late viral proteins was synthesized
in wt FV3-infected cells. Several novel (i.e., virus-induced)
bands are seen in Lane 2; chief among these is the 48-kDa
major capsid protein, the most abundant late viral gene
product. In contrast, few if any late proteins were synthe-
sized in the presence of PAA. As expected, no viral gene
expression occurred in cells infected with heat- or UV-
inactivated virus. Moreover, while infection with FV3
minimally inhibited host cell protein synthesis, UV-FV3
infection induced a marked inhibition of cellular translation,
and CHX completely blocked protein synthesis. Taken to-
gether, these results (Figs. 3-5) indicate that both productive
and nonproductive FV3 infections induced apoptosis in
FHM cells and that programmed cell death did not require
de novo viral protein synthesis.
FV3 induces apoptosis in baby hamster kidney (BHK)
cells
To determine whether other cell lines were also suscep-
tible to FV3-induced apoptosis, we monitored the ability of
FV3 to trigger programmed cell death in BHK cells, a
mammalian cell line shown previously to support FV3 rep-
lication (Willis et al., 1985). BHK cells were infected with
FV3 at an m.o.i. 20 PFU/cell and monitored for apoptosis
by TUNEL and annexin V binding assays. TUNEL assay
results showed that FV3 infection induced DNA fragmen-
tation by 18 h p.i. (data not shown). Moreover, not only was
cellular DNA cleaved in FV3-infected cells, but consider-
able cytoplasmic “blebbing” was observed. Since the ap-
pearance of phosphotidylserine (PS) on the outer leaflet of
the cell membrane is one of the earliest signs of apoptosis,
we monitored FV3-infected BHK cells for the presence of
PS by an annexin V binding assay. Annexin V binds PS
displayed on the external face of the cell membrane and is
a rapid and sensitive assay for apoptosis. As shown in Fig.
6, mock-infected cells showed little binding to FITC-con-
jugated annexin V. In contrast, there was considerable bind-
Fig. 5. Protein synthesis following infection with wt and inactivated FV3.
FHM cells were mock-infected or infected with FV3 as described in the
legend to Fig. 3 and replicate cultures were labeled with [35S]methionine
from 6–8 h postinfection. Radiolabeled proteins were processed as de-
scribed under Materials and Methods, analyzed by electrophoresis on 10%
SDS–polyacrylamide gels, and visualized by autoradiography. Two early
viral proteins are identified by open circles, while three late viral polypep-
tides are denoted by filled circles. The viral major capsid protein is
indicated by an arrowhead in Lane 2, whereas cellular actin is identified by
an arrow. Mol wt markers are as indicated.
Fig. 4. Induction of apoptosis by FV3: TUNEL assay. FHM cells grown on
coverslips were infected with FV3 at an m.o.i. of 45 PFU/cell and fixed
for TUNEL assay at 6 h postinfection. (A) Mock-infected cells (negative
control); (B) mock-infected cells treated with DNase (positive control); (C)
wt FV3-infected cells; (D) UV-FV3-infected cells; (E) FV3-infected
cells; (F) mock-infected cells incubated in medium containing 50 g/ml
CHX. Slides were counterstained with propidium iodide following com-
pletion of the TUNEL assay. Red cells indicate viable (nonapoptotic) cells,
whereas yellow to yellow-green staining cells indicate apoptosis.
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ing of FITC-annexin V to virus-infected BHK cells. Com-
parison of light and fluorescent images indicates that most
cells in the virus-infected culture were annexin V positive,
whereas few cells in mock-infected cultures bound FITC-
annexin V. Taken together, these results indicate that FV3
infection induced apoptosis in BHK cells with about the
same kinetics as that seen in FHM cells. They further
demonstrate that FV3-induced programmed cell death is a
general phenomenon and is not limited to fish and amphib-
ian cell lines.
FV3 infection of FHM cells did not block apoptosis
induced by osmotic shock
While the above studies indicate that, depending on the
m.o.i., FV3 infection resulted in apoptosis beginning as
early as 6-9 h p.i., we wanted to determine whether FV3
proteins played any role in delaying its onset. This hypoth-
esis is based on experience in other cell-virus systems
wherein one or more viral proteins block or delay the onset
of apoptosis (Teodoro and Branton, 1997). To address this
issue, we sought a stimulus that rapidly induces apoptosis in
FHM cells. Since sorbitol-induced osmotic shock has been
used to examine apoptosis and its inhibition in herpesvirus-
infected cells (Galvan and Roizman, 1998), we asked
whether this inducer would also trigger apoptosis in FHM
cells. FHM cells were incubated in medium containing
0.38-0.5 M sorbitol for 1 h and apoptosis was monitored at
various times after return to isotonic medium. As assayed by
Hoechst staining, TUNEL assay, and DNA ladder forma-
tion, treatment of FHM cells with sorbitol for 1 h led to
programmed cell death within 1-2 h following return to
isotonic medium (data not shown). To determine whether
prior infection with FV3 blocked programmed cell death,
FHM cells were infected with FV3 at an m.o.i. of 3 PFU/
cell, and 3 h later osmotically shocked by exposure to 0.5 M
sorbitol for 1 h. Two hours after that (i.e., 6 h postinfection)
cell lysates were monitored for DNA fragmentation by
ladder assay. These treatment conditions were chosen be-
cause they correspond to times when (a) low m.o.i. virus
infection by itself does not result in appreciable DNA lad-
dering; (b) full viral gene expression has occurred; and (c)
sorbitol-induced apoptosis is evident. As shown in Fig. 7,
mock-infected cells as well as virus-infected cells showed
no evidence of DNA cleavage at 6 h p.i. In contrast, osmot-
ically shocked cells, either with or without prior FV3 infec-
tion, displayed DNA fragmentation. Consistent with our
earlier results, extensive DNA fragmentation occurred in
productively infected cells by 24 h p.i. These results indi-
cate that unlike the situation with HSV-1 (Galvan and Roiz-
man, 1998; Galvan et al., 1999), in which the onset of
sorbitol-induced apoptosis was blocked by prior infection
Fig. 6. Apoptosis in FV3-infected BHK cells: Annexin V staining. BHK cells were mock-infected or infected with FV3 at an m.o.i. of 18 PFU/cell and at
7 h postinfection PS appearance on the outer leaflet of the plasma membrane was assayed by annexin V binding. (A and B) Mock-infected culture; (C and
D) depict FV3-infected BHK cells. Binding of FITC-annexin V was monitored by fluorescent microscopy (A and C), whereas light microscopy (B and D)
permitted visualization of all cells.
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with wt HSV-1, wt FV3 was not able to inhibit osmotically
induced programmed cell death in FHM cells.
Z-VAD-FMK, a pan-caspase inhibitor, blocks
FV3-induced apoptosis in FHM cells
To determine whether FV3-induced apoptosis involved
caspase activation, FHM cells were pretreated in medium
containing 50 M Z-VAD-FMK, then mock-infected or
infected with 20 and 40 PFU/cell wt FV3 in the presence or
absence of inhibitor. Eight hours later the cultures were
fixed and monitored for apoptosis by Hoechst staining.
Cells containing apoptotic bodies were common in virus-
infected cultures incubated in the absence of Z-VAD-FMK.
In contrast, few cells maintained in medium containing 50
M Z-VAD-FMK showed evidence of apoptosis (Fig. 8).
These results are consistent with those in other virus sys-
tems and suggest that FV3-induced apoptosis involves ac-
tivation of the caspase cascade.
Discussion
The above results demonstrate that FV3 induced apopto-
sis in both FHM and BHK cells at 26°C and indicate that
induction did not depend upon a productive viral infection.
Moreover, the onset of apoptosis was dependent upon the
multiplicity of infection. Thus at an m.o.i. of 45 PFU/cell,
apoptosis was detected as early as 6 h p.i. (Fig. 4), whereas
at 2 PFU/cell DNA laddering was faintly detected at 9 h p.i.
and clearly present by 17 h (Fig. 1). Attempts at demon-
strating a viral-mediated delay in apoptosis were unsuccess-
ful, as prior FV3 infection did not inhibit apoptosis induced
by osmotic shock. While these observations are generally
consistent with findings in other virus families, these results
raise two questions: (a) What role do FV3 proteins play in
the induction of apoptosis; and (b) What is the impact of
apoptosis on FV3 replication and host survival?
FV3 proteins and the induction of apoptosis
The ability of FV3 and UV-FV3 to induce apoptosis
indicates that newly synthesized viral gene products are not
required to trigger programmed cell death. This result sug-
gests that at least two pathways of apoptotic induction are
possible. In the first, interaction of FV3 with a transmem-
brane signaling protein may be sufficient to trigger apopto-
sis. Precedent for this pathway exists. Avian leukosis virus
subgroups B and D bind target cells via a member of the
TNF receptor family, and this interaction is thought to
trigger programmed cell death (Brojatsch et al., 2000). Al-
though intriguing, it is not possible to test this hypothesis in
the FV3 system since the identity of the viral receptor is
unknown. Alternatively, it is possible that viral uncoating
releases one or more virion-associated proteins that directly
or indirectly trigger apoptosis. How FV3 virion proteins
trigger apoptosis is not known, but at least three mecha-
nisms can be envisioned. As shown previously, infection
with wt FV3, FV3, or UV-FV3 leads to the rapid inhibi-
tion of host cell protein synthesis and the phosphorylation of
eIF-2 (Chinchar and Dholakia, 1989). Furthermore, since
eIF-2 phosphorylation is catalyzed by the double-stranded
RNA-activated kinase PKR, it is likely that FV3 infection
triggers PKR activation, an event that has been linked to the
induction of apoptosis (Srivastava et al., 1998; Gill et al.,
1999; Tan and Katze, 1999). Thus it is possible that one or
more FV3 proteins activate PKR and initiate apoptosis.
However, it is not clear whether FV3-induced apoptosis is a
consequence of prior translational shutoff (Fig. 9A) or oc-
curs independently of translation inhibition (Fig. 9B). Al-
ternatively, it is possible that, as with Sindbis virus wherein
virion uncoating triggers apoptosis by activating sphingo-
myelinase and releasing ceramide (Jia-Tsrong et al., 2000),
FV3-induced apoptosis is mediated independently of both
PKR activation and translational shutoff (Fig. 9C). Finally,
the finding that Z-VAD-FMK blocked FV3-induced
apoptosis implicates the caspase cascade in virus-mediated
programmed cell death. However, the events which initially
trigger caspase activation are yet to be determined.
Although the above results indicate that FV3 infection
did not block apoptosis triggered by osmotic shock, it is still
possible that one or more FV3 proteins block or delay
apoptosis induced by different stimuli or in a different cell
system. Sequence analysis of several iridovirus genomes is
ongoing (e.g., epizootic hematopoietic necrosis virus
Fig. 7. Prior infection with wt FV3 fails to block apoptosis induced by
osmotic shock: DNA fragmentation assay. Replicate FHM cultures were
infected with wt FV3 (m.o.i.  3 PFU/cell) and at 3 h p.i. exposed to
DMEM containing 0.5 M sorbitol for 1 h. After removal of the sorbitol, the
cells were incubated for an additional 2 h before monitoring apoptosis by
the ladder assay. As controls, virus-infected cells were cultured in DMEM
lacking sorbitol and harvested at 6 and 24 h p.i. (Lanes 2 and 3, respec-
tively). In addition, mock-infected cells were cultured in the absence (Lane
1) or presence (Lane 4) of sorbitol. DNA extracts from duplicate cultures
of osmotically shocked FV3-infected cells are shown in Lanes 5 and 6.
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(EHNV), Ambystoma tigrinum virus (ATV/RRV) or com-
pleted (He et al., 2001, 2002), and this information, coupled
with analysis of the genomes of key lower vertebrates (e.g.,
zebrafish, pufferfish, salamanders, etc.), should indicate
whether ranaviruses encode proteins that regulate immunity
and/or modulate apoptosis. Putative antiapoptotic proteins
have been identified among invertebrate iridoviruses (Jakob
et al., 2001), and a homolog of eIF2 has been identified in
many ranaviruses (Yu et al., 1999; Essbauer et al., 2001;
Jancovich, Mao, V.G. Chinchar, Davidson, and Jacobs, un-
published data). In other systems, viral homologs of eIF2,
or nonphosphorylatable mutants of this factor, have been
suggested to play a role in maintaining translation and in
blocking apoptosis (Davies et al., 1992; Kawagishi-Koba-
yashi et al., 1997; Srivastava et al., 1998; Gil et al., 1999).
Whether the ranavirus eIF2 homolog fulfills this function
in another cell type, or following exposure to a different
inducing agent, remains to be determined.
The impact of apoptosis on FV3 replication and host
survival
The ability of a given virus to both induce and antago-
nize apoptosis suggests that the relationship between virus
Fig. 8. Inhibition of apoptosis by the pan-caspase inhibitor, Z-VAD-FMK. FHM cells were incubated in medium alone or in medium containing 50 M
Z-VAD-FMK for 16 h, then mock-infected or infected with 20 PFU/cell wt FV3. Cultures were maintained in the presence or absence of Z-VAD-FMK both
during and following infection. Eight hours after infection, cells were fixed and monitored for chromatin condensation by Hoechst staining. (A and B)
Mock-infected FHM cells; (C and D) FV3-infected cultures. Cultures depicted in (A) and (C) were maintained in DMEM-5%FCs alone (Z-VAD);
Z-VAD-FMK (Z-VAD) was present in (B) and (D).
Fig. 9. Pathways of FV3-induced apoptosis. Three possible pathways, by
which FV3 virion proteins released during uncoating may trigger apopto-
sis, are illustrated. In the first (A), apoptosis is triggered as a consequence
of earlier translational shutoff; in the second (B), both apoptosis and
translational shut-off are mediated by prior activation of PKR. In the final
pathway (C), induction of apoptosis does not require either translational
shut-off or PKR activation. See text for details.
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replication and apoptosis is both dynamic and complicated.
As suggested by Koyama et al., (2000), the role of apoptosis
in a virus-infected animal may not only be to trigger the
premature lysis of virus infected cells (and hence limit
virion production), but also to facilitate the phagocytosis of
dead cells by macrophages and thus initiate a specific im-
mune response. Moreover, while early induction of apopto-
sis adversely affects virus replication within an individual
cell, apoptosis may be a strategy by which virus replication
and persistence within a host can be maximized (Roulston et
al., 1999). For example, lysis of virus-infected cells via an
apoptotic mechanism may facilitate virus spread without
triggering a marked inflammatory response. Thus, in vitro
studies of apoptosis may not be completely relevant to
understanding the consequences of apoptosis in whole ani-
mals. Although some ranavirus infections are associated
with systemic illness accompanied by high morbidity and
mortality (e.g., EHNV infections of red fin perch), other
iridoviruses (e.g., FV3 infection of leopard frogs and large-
mouth bass virus infection of largemouth bass) appear to
infect their hosts without causing severe illness (Plumb et
al., 1999; Chinchar, 2000, 2002; Hanson et al., 2001). Per-
haps the ability to induce apoptosis, rather than necrosis,
coupled with other mechanisms which limit virus replica-
tion and blunt the inflammatory response, ameliorates clin-
ical disease and permits ranaviruses to coexist with their
host species. If this view is correct, the role of putative
ranavirus-encoded antiapoptotic proteins may be to delay,
but not prevent, apoptosis so that while achieving high




FV3 was propagated in confluent monolayers of FHM
cells at 26°C in a humidified CO2 incubator in Dulbecco’s
modified Eagle’s minimum essential medium (DMEM)
containing 5% FCS. BHK cells were cultured in
DMEM/5% FCS at 37°C. Following infection with FV3,
BHK cells were incubated at 26°C, a temperature permis-
sive for FV3 replication.
Induction of apoptosis by FV3 and sorbitol
Apoptosis was induced in one of two ways: by infection
of FHM and BHK cells with FV3 or by exposure of FHM
cells to medium containing 0.38-0.5 M sorbitol (osmotic
shock) (Galvan and Roizman, 1998). In the former case,
target cells were inoculated with FV3 at m.o.i.s ranging
from 2 to 45 PFU/cell. After allowing 1 h for absorption, the
inoculum was removed and the cells incubated at 26°C in
DMEM with 5% FCS. At the indicated times postinfection,
infected cultures were monitored for apoptosis as described
below. In addition to infection with wt FV3, FHM cells
were also infected at the same nominal m.o.i. with wt FV3
in the presence of 200 g/ml phosphonoacetic acid (PAA),
or with heat-inactivated or UV-inactivated virus (Chinchar
and Granoff, 1984; Chinchar and Dholakia, 1989). FV3 was
heat-inactivated by incubation at 56°C for 30 min or was
inactivated by exposing virus (3 ml of viral suspension in a
100-mm tissue culture dish) to 150 mJ UV light in a Bio-
Rad GS Genelinker. Under these conditions (56°C for 30
min, or 150 mJ UV irradiation) virus infectivity is essen-
tially abolished as indicated by an absence of viral gene
expression (Goorha and Granoff, 1974; Willis et al., 1985).
Moreover, replicate cultures of mock-infected cells were
also treated with 50 g/ml CHX. In the case of cultures
containing PAA or CHX, both drugs were continuously
present throughout the entire culture/labeling period. For
induction of apoptosis by osmotic shock, FHM cells were
incubated in DMEM containing sorbitol for 1-2 h. Subse-
quently, the sorbitol-containing medium was removed; the
cells were washed once, and the cultures were incubated in
DMEM with 5% FCS.
For assessment of the role of caspases in FV3-induced
apoptosis, FHM cells were incubated in DMEM–5%FCS
containing 50 M Z-VAD-FMK (Calbiochem) for 16 h
prior to infection with virus. Subsequently, Z-VAD-FMK
was present in the cultures during infection and throughout
the 8-h incubation period.
Apoptosis: DNA ladder assay
Cells to be assayed for DNA fragmentation by the “lad-
der assay” were grown to 80–90% confluency in 60-mm
tissue culture dishes (5  106 cells). Cultures were in-
fected with FV3 or treated with DMEM containing sorbitol
as indicated above and DNA fragmentation was analyzed as
described by Barry et al. (1997). At the indicated times
posttreatment, the cells were scraped from the plate, col-
lected by centrifugation (400 g for 6 min), and washed once
with phosphate-buffered saline lacking divalent cations
(PBS-A). The washed cell pellets were resuspended in 250
l GM-lysis buffer (10 mM Tris–HCl, pH 7.5, 100 mM
NaCl, 1 mM EDTA, 1% SDS) and transferred to 1.5 ml
microcentrifuge tubes, and 7 l 20 mg/ml proteinase K was
added. The samples were incubated for 1 h at 55°C, after
which 12.5 l 10 mg/ml RNase A was added and the
samples incubated for an additional hour at 37°C. At that
time, the samples were precipitated with 700 l 95% ice-
cold ethanol and kept at 20°C overnight. The following
day, the samples were centrifuged for 15 min at 20,000 g in
a Model 5417c microcentrifuge (Eppendorf). DNA pellets
were washed once with 1 ml 70% ethanol, air dried, and
resuspended in 50 l TE buffer (10 mM Tris–HCl, pH 8.0;
1 mM EDTA). Prior to electrophoretic analysis, 8 l of
loading buffer [65% (w/v) sucrose, 0.1% bromphenol blue]
was added, and 25 l of each sample was analyzed by
electrophoresis on 1.4% agarose gels containing 0.125
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g/ml ethidium bromide. The DNA ladder was visualized
by fluorescence using a UV transilluminator.
Apoptosis: TUNEL assay
FHM and BHK cells were plated onto glass coverslips
and grown overnight in DMEM with 5% FCS at 26 and
37°C, respectively. The following day cultures were in-
fected with FV3 as described above and incubated at 26°C.
At the indicated times postinfection, the cultures were fixed
in PBS containing 3.7% formaldehyde–1% methanol for 25
min, washed with PBS-A, and either assayed directly by
TUNEL assay (Gaverieli et al., 1992) or stored overnight at
4°C in PBS-A or in 70% ethanol at 20°C. Apoptosis was
monitored using a commercial TUNEL assay kit (DeadEnd
Fluorometric TUNEL System, Promega, Madison, WI). Con-
trols consisted of mock-infected cells that were incubated in
the absence (negative control) or presence (positive control) of
DNase. Cells were viewed using a Zeiss standard microscope
equipped with an epifluorescence condenser and filter set 455/
490 (exciter), FT510 (beam splitter), and 520/560 (barrier), and
photographed using Kodak EliteChrome 400 film.
Apoptosis: Hoechst 33258 staining
FHM cells were plated in four-chamber culture slides or
onto poly-L-lysine-coated glass cover slips, and, at the in-
dicated times after FV3 infection, fixed in PBS containing
3.7% paraformaldehyde as described above. After fixation,
the cells were permeabilized in ice-cold 100% acetone for 4
min, rinsed twice with water, and air dried. Slides were
stained for 10 min at room temperature in 1 g/ml Hoechst
33258 in PBS (Koyama, 1995). After staining, the slides
were rinsed twice in PBS, mounted in 1:1 PBS:glycerol, and
viewed with a Leitz DM/RX microscope using UV illumi-
nation. The cells were photographed with a Wild MPS
photographic system using Kodak EliteChrome 400 film, or
with a SPOT-cooled CCD color digital camera, Model No.
1.3.0 (Diagnostic Instruments, Sterling Heights, MI).
Apoptosis: Annexin V staining
BHK cells were infected with FV3 and the appearance of
phosphotidylserine on the outer leaflet of the cell membrane
was monitored by annexin V staining using a commercial
kit (Annexin V, Fluorescence Microscopy Kit, BD Bio-
Sciences). Microscopic fields were viewed by both light and
fluorescent microscopy and photographed using Kodak
EliteChrome 400 film.
Protein synthesis in virus-infected cells:
SDS–polyacrylamide gel electrophoresis
FHM cells (approximately 2  106 cells/35-mm tissue
culture dish) were mock-infected or infected with FV3
(m.o.i.  10 PFU/cell) and incubated at 26°C for 6 h. In
addition to wt FV3, replicate cultures were also infected
with FV3 or UV-FV3, at the same nominal m.o.i., or
treated with 50 g/ml CHX as described above. At 6 h p.i.,
the medium was removed and all cultures were radiolabeled
for 2 h in Eagle’s minimum essential medium containing
Earle’s salts (EMEM) lacking unlabeled methionine and
supplemented with 20 Ci/ml [35S]methionine. Subse-
quently, the radiolabeling medium was removed; the cells
were lysed in 300 l 100 mM Tris–HCl, pH 6.9, 20%
glycerol, 2% SDS, 2% 2-mercaptoethanol, and the samples
were boiled for 3-5 min. Cell lysates (25 l/lane) were
analyzed by electrophoresis on 10% SDS–polyacrylamide
gels and radiolabeled proteins were visualized by autora-
diography (Laemmli, 1970).
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